19 20 PURPOSE: To measure longitudinal chromatic aberration (LCA) of various intraocular lenses 21 (IOLs), and to assess LCA effects on polychromatic image quality with a focus on multifocal-22 IOL designs. 23 24 METHODS: The LCA values of four multifocal IOL models (three diffractive models: AT 25 LARA 829MP and AT LISA 809M (both from Carl Zeiss) and Restor SN6AD1 (Alcon); and 26 one refractive model, the Mini-Well Ready (SIFI Medtech) were compared with that of their 27 monofocal counterparts. Optical properties were assessed using an optical-bench device 28 featured with spectral filters. LCA was calculated as a lens-power difference at 480-644nm. 29 The optical quality was evaluated objectively by means of modulation-transfer function 30 metrics. 31 32 RESULTS: In all but one IOL, LCA was higher than that of an aphakic model eye (1.04D). 33 At a far focus, LCA of AT Lara, AT Lisa, Restor and Mini-Well was 0.78D, 1.40D, 1.91D, 34 and 1.27D, respectively. AT Lisa and Restor showed comparable results with their monofocal 35 platforms. A near-focus LCA decreased only in the diffractive IOLs. At far, the polychromatic 36 MTF was reduced in all IOLs, however, LCA effects were attenuated at near. 37 38 CONCLUSIONS: Multifocal-diffractive IOLs proved effective in reducing LCA, however, 39 the efficiency of the LCA correction differed depending on the optical design. The results 40 indicate that a diffractive lens without an intended dispersion correction manifests LCA of its 41 monofocal platform. LCA adversely affects the polychromatic image quality. 42 43
Introduction

45
Multifocal intraocular lenses (IOLs) have significantly advanced the field of cataract and 46 refractive surgery over the last decades. Until recently, multifocal IOLs have only been 47 available in bifocal and trifocal designs, which provide multiple (two or three) distinct foci. 48
Most recently, however, Extended Depth of Focus (EDoF) IOLs designs have emerged that 49 create an elongated focal point to enhance the range of vision. 1,2 50
The optical performance of the pseudophakic eye has been extensively studied. Besides 51 the benefits from the correction of SA, the reduction of chromatic aberration could further 52 enhance the visual performance. [3] [4] [5] [6] Chromatic aberration is distinguished in longitudinal 53 chromatic aberration (LCA) and transverse chromatic aberration (TCA). 7,8 LCA characterizes 54 the inability of a lens to focus different wavelengths at the same focal plane, while TCA 55 describes wavelength related changes to the image size of an off-axis object. 7, 8 In optical 56 engineering, LCA is typically corrected with an achromatic doublet that consists of two 57 cemented lenses having different dispersion. 7 This approach, however, could not be directly 58 translated into IOLs due to technological limitations, therefore the use of diffractive optics 59 appears as the most suitable way to reduce LCA of IOLs. 3, 9, 10 Given that refractive and 60 diffractive lenses show opposite LCA behaviors, 9, 10 it is essential to understand how refractive 61 and diffractive IOLs affect LCA, and thus the polychromatic image quality. 62
The aim of this study was to assess the effect of LCA of multifocal IOLs on 63 polychromatic image quality and their potential to correct the LCA of the pseudophakic eye. 64
To this end, we measured in vitro monochromatic and polychromatic MTFs of multifocal IOLs 65 with different designs. 66
67
Materials and Methods
69
Intraocular lenses 70 Table 1 shows the characteristics of studied multifocal and monofocal IOLs. We included four 71 multifocal models with different optical designs, such as the Mini Well Ready (SIFI MedTech), 72
the Acrysof Restor SN6AD1 (Alcon Laboratories, Inc.), the AT LISA 809MP (Carl Zeiss 73
Meditec AG) and the AT LARA 829MP (Carl Zeiss Meditec AG). The Mini Well is a refractive 74 biconvex EDoF lens, which utilizes SA to increase depth of focus. The Restor is a bifocal 75 refractive-diffractive IOL with an apodized diffractive design that changes the energy split 76 between the two foci with the pupil size. At a 3-mm aperture, the Restor allocates 70% of light 77 to the far focus and 30% to the near focus. The AT Lisa is a bifocal full diffractive IOL, which 78 also shows asymmetric light distribution for far (65%) and near (35%). The AT Lara is an 79
EDoF IOL that has only recently been launched to market. This is a diffractive lens with an 80 aspheric 'aberration neutral' base platform and an optical design to correct chromatic 81 aberration. 82 LCA of the four multifocal IOLs were compared with that of their monofocal counterparts 83 of their respective manufacturers. The Mini Well was compared with Mini 4 (SIFI MedTech), 84 the Restor IOL with SN60WF (Alcon Laboratories, Inc.), the AT Lisa and AT Lara IOLs with 85 the CT Asphina 409MP (Carl Zeiss Meditec AG). 86 87
Optical measurements 88
The optical performance of the IOLs was assessed using an OptiSpheric IOL PRO 2 optical 89 bench (Trioptics GmbH, Germany). This device measures the nominal power and the MTF of 90
IOLs with an accuracy of 0.1-0.3% and 2%, respectively. The IOLs were submerged in a 91 balanced salt solution in a mechanical holder with two flat windows. A model cornea was a 92 singlet lens with a positive SA of 0.28μm. In this study, however, the IOLs were measured with a 3 mm aperture in order to minimize the effect of SA and pupil dependency of multifocal 94
IOLs. 12 A collimated beam of a LED source was used to illuminate two perpendicular fine slits 95 (a cross reticle) that served as a test target. An image of the cross was projected by the model 96 eye (with the IOL) onto a CCD camera (VA-1MC-M120-A0-C, Vision Systems Technology, 97 USA) through a microscope objective lens. As a result, two-line spread functions were obtained 98 to evaluate sagittal and tangential MTFs. Given the rotational symmetry of the studied lenses, 99 sagittal and tangential MTFs were averaged. 100 MTF results were presented graphically up to 100lp/mm, as this frequency corresponds 101 approximately to a visual acuity of 20/20. The through focus (TF) MTF was assessed in a 102 defocus range from +2D up to -6D. Moreover, the IOLs were compared by means of 103 calculating the area under the MTF. 13 The MTF area was analyzed at a range of spatial 104 frequencies from 1lp/mm to 100lp/mm (with 1lp/mm sampling) using the following formula: 105
The MTF performance was assessed at the (best) far and near focus. 107
The MTF of the IOLs was measured in blue, green and red light and in polychromatic 108 light. To this end, we used three interference filters (10-nm bandwidth) with a central 109 wavelength of 480nm, 546nm and 644nm, and a photopic eye response filter that simulated the 110 photopic luminosity function of the human eye. LCA of the IOL was calculated as the 111 difference between the red and blue foci and expressed in diopters. In our set-up, for an 112 'aphakic' model eye (i.e., without the IOL) LCA was 1.04D. Each individual MTF and LCA 113 measurement per condition was performed with one repetition. The standard deviation (SD) of 114 the MTF assessment was tested for a discrete frequency of 50lp/mm. The 1951 USAF resolution test chart was used to visualize the polychromatic image quality. 118
Three separate photographs of the USAF target were taken with the three monochromatic filters 119 at the position of an optimal polychromatic far and near focus. Given that the optical set-up 120 featured a monochromatic camera, images were processed using a custom-made software 121 (Image Processing Toolbox, Matlab, Mathworks) to add colors that corresponded to 122 wavelengths of the monochromatic filters. These photographs were corrected for camera 123 sensitivity and combined into one RGB image using the same image-processing software. LCA levels at near as compared to the far focus. The Mini Well showed a slightly higher LCA 132 at near than at far. 133
An LCA level of the CT Asphina was similar to that of the AT Lisa but higher than that 134 of the AT Lara. LCA was found to be slightly lower in the SN60WF than in the Restor by 135 0.05D. The Mini 4 lens showed a higher LCA value than that of the Mini Well. 136
137
MTF measurements 138
The IOL Pro 2 devices showed a good repeatability of the MTF assessment with an SD value 139 of 0.001 or less for two consecutive measurements. Figure 1 presents in detail the MTF 140 performance of the four multifocal IOLs. All three diffractive IOLs showed a spectral 141 dependence of the light distribution for far and near demonstrating far dominance in the red 142 light and near dominance in the blue light. The refractive lens showed only small differences 143 in MTF results obtained at the three wavelengths. 144
In all lenses, the polychromatic MTF was lower than that measured in the green light 145 at the far focus ( Figure 1) . The percentage of the MTF-area loss at far focus was 14% for the 146 AT Lara, 27% for the AT Lisa, 25% for the Mini Well and 34% for the Restor IOL. At the near 147 focus the AT Lara demonstrated slightly better optical performance in the polychromatic light 148 by 5%. For the AT Lisa, the MTF-area value was lower in the polychromatic light by 1%, for 149 the Restor by 14% and for the Mini Well by 5%. 150
The TF scan presented in Figure 1 We found that a diffractive-optic IOL can be effective in correcting LCA of the pseudophakic 172 eye. Moreover, we showed that uncorrected LCA may reduce the IOL optical quality in the 173 polychromatic light. Although the refractive IOL demonstrated comparable MTF levels in the 174 blue, green and red light, the diffractive lenses showed a varying MTF performance depending 175 on the wavelength. 176
The diffractive-EDOF IOL demonstrated a clear potential for correcting IOL-material 177 dispersion and to correct LCA of the eye. The model eye with the AT Lara lens showed an 178 LCA of 0.78D at the far focus, which was lower than that of the 'aphakic' model eye (1.04D), 179
indicating the lens ability to compensate chromatic aberration. This finding is in agreement 180 with a study by Millán and Vega, as they also showed an effective LCA correction of a 181 Symfony IOL (Johnson & Johnson Vision). 10 For the other lenses, without an intended 182 chromatic-aberration correction, LCA was consistently higher than that of the mechanical eye 183 model due to a substantial contribution of the IOL material to LCA. 184
The highest LCA value was found in the Restor IOL (LCA=1.91D). Although in the 185 green light, this lens showed a larger MTF area than the AT Lara, in the polychromatic light, 186 this metric dropped markedly and became lower by 15% than that of the AT Lara (Figure 1) . 187
At the best near focus, this difference increased to 23%, as the AT Lara showed an MTF 188 improvement and a low LCA level (0.21D). By contrast, the Restor IOL demonstrated a higher 189 LCA of 1.05D at near focus, and thus a worse MTF performance in the polychromatic light. A 190 larger difference might, however, have been expected given that the dispersion level of the 191
Restor IOL is more than two fold higher than that of the AT Lara lens. The reason for this 192 relatively small effect is the use of the photopic eye response filter, which simulates the spectral 193 sensitivity of the human eye. 14 In our experimental set-up, the photopic filter performs a 194 spectral weighting that results in a lower intensity of wavelengths at the extreme ends of the 195 spectrum, i.e. 480nm and 644nm, than that of the 546-nm wavelength. As a consequence, the 196 effect of LCA on the optical quality was diminished, but yet the AT Lara showed that the LCA 197 correction can be of real benefit to the polychromatic image quality. 198
Although the LCA correction at the far focus emerges as a new feature of modern IOL 199 designs, the compensation of the chromatic shift was found in all diffractive IOLs at the near 200 focus, including those that were introduced more than a decade ago, such as the Restor. For the 201 diffractive-apodized IOL, near LCA was lower than that at the far focus by 0.86D. This LCA 202 correction at the near focus results from that chromatic aberration of a diffractive and a 203 refractive element has the opposite signs. LCA of a diffractive-refractive lens can be expressed 204 as: 205
LCA = LCArefractive + LCAdiffractive 206
Although the LCArefractive component does not change at the far and near focus, LCAdiffractive 207 varies between different diffraction orders (m). For instance, the diffractive element of the 208
Restor lens directs the light energy to the far and near focus by using the zeroth (mFar=0) and 209 first (mNear=1) diffraction orders, respectively. 15 Given that at the zeroth order the diffractive 210 element has no power, LCAdiffractive is zero. Therefore, in this case, LCA at the far focus depends 211 only on chromatic aberration of a monofocal-lens platform, which can explain very close (far) 212 LCA levels of the Restor and the SN60WF IOL. At the near focus (mNear=1), the Restor IOL 213 has a 3D power (P0) at the designed wavelength (λ0) of 550nm. 15 However, the power (P) of 214 the diffractive element changes at different (than designed) wavelengths (λ) 16 according to this 215 formula: 216
For the wavelengths used in this study, P(λ=480nm)=2.62D and P(λ=644nm)=3.51D can be 218 calculated, which results in an LCAdiffractive of -0.89D. So, for the measured LCArefractive=1.91D 219 and the estimated LCAdiffractive=-0.89D, LCA at the near focus would be 1.02D, which is very 220 close to the measured value of 1.05D. This approach can also be applied to predict the LCA 221 level at the near focus of the AT Lisa. Then, the result would be 0.28D as compared to a value 222 of 0.26D found in the current study. Given that the AT Lara provides LCA correction at the 223 two foci indicates that its optical design differs from a standard (mFar=0, mNear=1) diffraction-224 order approach. 10 In contrast to the other diffractive IOL included in this study, the diffractive 225 element of this EDOF IOL seems to provide an add power to the two foci, as LCA correction 226 at the far focus can only take place for a non-zero LCAdiffractive component. A similar novel 227 approach has also been introduced in the Symfony (Johnson & Johnson Vision), as shown by 228
Millán and Vega, 10 indicating that a concept of the IOL correcting the eye's LCA is growing 229 in popularity and becomes a new trend in the IOL market. 230
In contrast to its diffractive counterparts, the refractive IOL did not show a lower LCA 231 value at the near focus. Although it yielded the highest LCA value at the near focus among all 232 studied multifocal IOLs, interestingly, the polychromatic MTF area was less reduced than that 233 of the Restor (5% vs 14%). The reason for that may be an EDOF character of the Mini Well, 234 which forms an extended near-focus peak (Figure 1) . Although the chromatic shift can be seen 235 in TF scan (Figure 1) , the peak of each spectral component yet overlap due to the EDOF effect, 236 which appears to attenuate an effect of LCA of the IOL (Figure 2) . Intriguingly, the Mini Well 237 showed a different LCA at the far focus than its monofocal counterpart (Mini 4). This might 238 suggest that the material dispersion of the Mini Well differs from that of the Mini 4, however, 239
we could not confirm this explanation as the Abbe numbers of these IOLs have not been 240 disclosed by the manufacturer. 241
The refractive multifocal IOL revealed very close MTF results that were independent 242 of the wavelength if the chromatic shift was accounted for (Figure 1) . By contrast, the optical 243 performance of the diffractive IOLs seems to strongly depend on the wavelength as 244 demonstrated in Figure 1 . Although all diffractive-optic IOL showed a similar far-focus 245 dominance in the green light, the MTF metrics differed in the blue and red light. The AT Lara 246 demonstrated a strong distance-vision dominance at 644nm with a 3.8-fold larger MTF area at 247 the far than at the near focus. At 480nm, however, a smaller but reverse effect was found with 248 a 1.9-fold larger area under the MTF at near than at far. This spectral effect can also be noticed 249
in Figure 2 (AT Lara). For the two other diffractive IOLs, the MTF metrics at the far and near 250 focus were comparable in blue and far dominant in red. Given that the photographs of Figure  251 2 were taken at the best polychromatic focus, these changes to the monochromatic MTF 252 performance of the AT Lisa and the Restor were not clearly seen due to the chromatic shift, 253 except from the near-focus images of the AT Lisa. The found wavelength dependence could 254 be explained by the diffraction efficiency at the mFar and mNear diffraction orders, which have 255 been shown to be wavelength dependent. 17 In a paper of Valdemar Portney, a geometrical 256 model was proposed to assess the light distribution of diffractive lenses in different 257 wavelengths. We applied the proposed model to calculate the energy distribution of the AT 258
Lisa at the three wavelengths used in the current study. This resulted in a fraction of energy 259 split of 0.63/0.37 for far/near at 546nm, but at 480nm and 644nm that proportion changed to 260 0.51/0.49 and 0.74/0.26, respectively. These values represent an ideal case without a light loss 261 to other diffraction orders. Although the MTF quality metrics do not correspond in a one-to-262 one fashion with the light distribution, as the MTF can also be influenced by other factors, the 263 MTF area of the AT Lisa measured at the far/near focus (0.42/0.38 at 544nm, 0.49/0.30 at 264 480nm, and 0.57/0.22 at 644nm) seems to show a similar behavior. This may indicate that the 265 diffraction efficiency is an important factor affecting the optical performance of diffractive 266
IOLs if they function in other than a designed wavelength. However, it remains to be elucidated 267 if the found spectral-dependency has important functional effects on the patient's vision. 268
In conclusion, the analyzed monofocal and multifocal IOLs demonstrated a range of 269 LCA levels that mostly depended on intrinsic properties of their biomaterial. Moreover, we 270 showed that the diffractive IOLs can be effective in compensating the dispersion of the IOL 271 and the eye. Although considerable differences in LCA exist between the IOLs, the effect of 272 chromatic aberration on the polychromatic image quality can be diminished by spectral 
